Abstract: Recent studies have suggested that nestin facilitates cellular structural remodeling in vasculature-associated cells in response to ischemic injury. The current study was designed to investigate the potential role of post-ischemic nestin expression in parenchymal astrocytes. With this aim, we characterized ischemia-induced nestin expression in the CA1 hippocampal region, an area that undergoes a delayed neuronal death, followed by a lack of neuronal generation after transient forebrain ischemia. Virtually all of the nestin-positive cells in the ischemic CA1 hippocampus were reactive astrocytes. However, induction of nestin expression did not correlate simply with astrogliosis, but rather showed characteristic time-and stratadependent expression patterns. Nestin induction in astrocytes of the pyramidal cell layer was rapid and transient, while a long-lasting induction of nestin was observed in astrocytes located in the CA1 dendritic subfields, such as the stratum oriens and radiatum, until at least day 28 after ischemia. There was no detectable expression in the stratum lacunosum moleculare despite the evident astroglial reaction. Almost all of the nestin-positive cells also expressed a transcription factor for neural/ glial progenitors, i.e., Sox-2 or Sox-9, and some cells were also positive for Ki-67. However, all of the nestin-positive astrocytes expressed the calcium-binding protein S100β, which is known to be expressed in a distinct, post-mitotic astrocyte population. Thus, our data indicate that in the ischemic CA1 hippocampus, nestin expression was induced in astroglia that were becoming reactive, but not in a progenitor/stem cell population, suggesting that nestin may allow for the structural remodeling of these cells in response to ischemic injury.
ventricle and the subgranular zone (SGZ) of the hippocampus [15, 16] .
However, re-expression of downregulated nestin has been found to occur in reactive astrocytes following several neuropathological disorders, including brain ischemia [17] [18] [19] [20] [21] . Furthermore, Pforte et al. [22] demonstrated that many reactive astrocytes in the CA1 hippocampal region express nestin following transient forebrain ischemia. There is increasing evidence that parenchymal astrocytes may be intrinsically different from SGZ astrocytes that function as adult neural stem cells [23, 24] . In addition, neuron production in the ischemic hippocampus is limited to the dentate gyrus and does not occur in the CA1 region [25] [26] [27] [28] . Thus, it can be speculated that the significance of nestin induction for SGZ astrocytes is different from its significance for astrocytes found in the CA1 hippocampal region.
In the present study, we characterized nestin expression in duced in the CA1 hippocampal region, an area that undergoes delayed neuronal death, followed by a lack of neuronal generation after transient forebrain ischemia. Our results clearly indicate that distinct temporal patterns of nestin induction occur in the different hippocampal layers, i.e., in the pyramidal cell layer and the CA1 dendritic subfields such as the strata oriens and radiatum. Thus, we focused our attention on the temporal expression pattern of nestin in reactive astrocytes in these areas by quantifying the number of nestinpositive astrocytes in the subfields of the CA1 hippocampal region during a 4-week survival period after ischemia. In addition, double-labeling techniques using various cell typespecific markers were employed to characterize these nestinpositive astrocytes.
Materials and Methods

Animal preparation
All surgical interventions and presurgical and postsurgical animal care were provided in accordance with the Laboratory Animal Welfare Act, the Guide for the Care and Use of Laboratory Animals, and the Guidelines and Policies for Rodent Survival Surgery provided by the Institutional Animal Care and Use Committee in the College of Medicine, The Catholic University of Korea.
Adult male Sprague Dawley rats (250-300 g) were used in this study. Transient forebrain ischemia was induced by the 4-vessel occlusion and reperfusion method described by Pulsinelli and Brierley [29] with minor modifications [30] .
Briefly, the vertebral arteries were electrocauterized and cut to stop circulation in these vessels. After 24 hours, both common carotid arteries were occluded for 10 minutes with miniature aneurismal clips. Only those animals showing completely flat electroencephalograms after vascular occlusion were classified as ischemic and used in the study. Body temperatures (measured rectally) were maintained at 37 
Immunohistochemistry and double labeling
Free-floating sections (25-µm thick) were processed for double-immunofluorescence histochemistry. After blocking with 10% normal goat serum for 1 hour, the sections were incubated with overnight at 4 o C with a mix of monoclonal mouse anti-nestin antibody (1:500, Serotec, Oxford, UK) and one of following antibodies: polyclonal rabbit anti-GFAP (1:1,500, Millipore Corp., Temecula, CA, USA), polyclonal rabbit anti-Sox-9 (1:100, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), polyclonal rabbit anti-Ki-67 (1:1,000, Novocastra Laboratories Ltd., Newcastle-uponTyne, UK), polyclonal rabbit anti-S100β (1:1,000, Dako, Glostrup, Denmark) or monoclonal mouse anti-Sox-2 (1:400, Abcam, Cambridge, UK). In addition, the sections were incubated at 4°C overnight with a mix of polyclonal rabbit anti-S100β (1:400, Dako) and monoclonal mouse anti-GFAP (1:500, Millipore Corp. 
Quantification analysis
To count the number of GFAP-labeled cells and GFAP/nestin double-labeled cells in the area that covered the pyramidal cell layer and the stratum radiatum of the CA1 area, 5 coronal sections per animal, cut at 100-µm intervals, were obtained from the invariable region between bregma levels −2.5 and −4.1 mm dorsal [31] . Only process-bearing cells showing their nucleus in the plane of the section were recorded. For CA1 pyramidal cell measurements, 3 areas from the middle third of the CA1 subfield were chosen along 200 µm of the pyramidal band in each hemisphere and were captured at 200× magnification using a confocal laser microscope. The labeled cells in the stratum radiatum were counted in 2 areas (22,500 µm 2 per field) in each hemisphere. The average value for the labeled cells in each field was calculated for each animal before the means and standard errors were determined for the total number of animals (n=5). Comparisons between control group and different experimental groups were assessed by the Bonferroni test. Statistical significance was accepted for P<0.05.
Results
Spatiotemporal induction patterns of nestin in GFAPpositive astrocytes in the hippocampal CA1 region after transient forebrain ischemia
Routine histological staining with cresyl violet showed that characteristic neuronal cell loss in the CA1 region was observed in the hippocampus following 10 minutes of ischemia (data not shown). To investigate the relationship No specific staining for nestin was detected in the hippocampal CA1 re gion of sham-operated rats, while GFAP-positive astrocytes showed thin glial processes. pcl, pyramidal cell layer; slm, stratum lacunosum mo le culare; so, stratum oriens; sr, stra tum radiatum. (D-F) At day 3 after ischemia, significant induction of nestin expression was detected in the CA1 pyramidal cell layer, while a rather uniform upregulation of GFAP immunoreactivity was observed in all laminae of the CA1 region. (G-I) At 7 days, GFAP immunoreactivity was markedly increased in all strata of the CA1 region, while nestin expression was more pronounced in the CA1 dendritic layers and absent in the stratum lacunosum moleculare. Scale bars in (C, F, I)=200 µm (A−I). between nestin induction and astroglial responses in the ischemic hippocampus, we performed double-labeling with nestin and GFAP. In sham-operated rats, no significant immunoreactivity for nestin was detected in the CA1 hippocampal region, which contained GFAP-positive thin glial processes (Fig. 1A-C) . At 3 days of reperfusion, a rather uniform upregulation of GFAP immunoreactivity was observed in all laminae of the CA1 region (Fig. 1E, F) . By contrast, intense nestin induction appeared in reactive astrocytes in the pyramidal cell layer, but significant induction of nestin was not observed in other laminae (Fig. 1D) . At 7 days after ischemia, GFAP immunoreactivity was markedly increased in all strata of the CA1 region (Fig. 1H, I ). At this time point, increased nestin expression was evident in the strata radiatum and oriens, in addition to the pyramidal cell layer, while no specific expression was observed in the stratum lacunosum moleculare (Fig. 1G) . At 14 days after ischemia, there was a further increase in GFAP immunoreactivity in all strata of the CA1 region (Fig. 2B, C) . By contrast, nestin expression was localized in the dendritic layer of the CA1 region, the strata radiatum, and oriens, while its conspicuous reduction was observed in the CA1 pyramidal cell layer ( Fig. 2A) . In addition, no specific staining was observed in the stratum lacunosum moleculare. At 21 days (Fig. 2E, F ) and 28 days (Fig. 2H, I ) after ischemia, the labeling patterns of GFAP staining remained unchanged compared with those at day 14; however, its increased immunoreactivity was clearly evident in the stratum lacunosum moleculare, where GFAP-positive astrocytes displayed a less hypertrophic appearance than those in the stratum radiatum. Nestin expression was still observed in the strata radiatum and oriens of the CA1 hippocampus at 21 days after ischemia (Fig. 2D) , but it had decreased to control levels in the stratum oriens and remained only in the stratum radiatum at 28 days (Fig. 2G) .
Inspection of immunolabeled sections at higher magnification revealed that nestin expression showed spatio temporal differences in 2 strata of the CA1 hippocampal region, the pyramidal cell layer and the stratum radiatum (Fig. 3A-Fig. 2 . Spatiotemporal relationship between nestin and glial fibrillary acidic protein (GFAP) in the hippocampal CA1 region during the later phase following transient forebrain ischemia. (A-C) At 14 days after ischemia, GFAP-positive astrocytes were distributed in all strata of the hippocampal CA1 region, while nestin expression was localized in the CA1 dendritic layers including the strata radiatum (sr) and oriens (so), but was rare in the pyramidal cell layer (pcl) and in the stratum lacunosum moleculare (slm). Over the chronic interval of 21 days (D-F) and 28 days (G-I), the labeling intensity and patterns of GFAP staining were similar to those at day 14. Nestin expression was still observed in the CA1 dendritic layers at 21 days after ischemia, while it remained only in the stratum radiatum at 28 days. Note the absence of nestin expression in the stratum lacunosum moleculare. Scale bars in (C, F, I)=200 µm (A−I).
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www.acbjournal.org F). Induced nestin expression appeared in the pyramidal cell layer by 3 days (Fig. 3B) , which extended into the stratum radiatum by 7 days (Fig. 3C) . By 14 days after ischemia, nestin expression in the pyramidal cell layer had decreased, but was still observed in the stratum radiatum (Fig. 3D ). At 21 (Fig. 3E ) and 28 days (Fig. 3F) after ischemia, nestin-positive astrocytes occupied the same area, the stratum radiatum, but labeled cells displayed a more hypertrophic appearance compared with those at day 14.
Quantification analysis of time-and lamina-dependent expression of nestin in reactive astrocytes in the ischemic hippocampal CA1 region
To determine the spatiotemporal profile of nestin-positive cells and their relationship with reactive astrocytes in the subla minae of CA1, we quantified the number of nestin/ GFAP double-labeled cells among all GFAP-positive cells in both the pyramidal cell layer and the stratum radiatum. The absolute number of GFAP-positive cells in the pyramidal cell layer was significantly increased in the hippocampus of postischemic rats compared to the number in sham-operated rats (Fig. 3G) . The number of nestin/GFAP double-positive cells was also increased in the pyramidal cell layer at 3 and 7 days after ischemia; the number subsequently declined, but it remained significantly elevated above sham levels at 28 days. Thus, the increase in GFAP-positive cells observed between 7 and 28 days after ischemia appeared to be in direct contrast to the decrease in nestin/GFAP double-labeled cells that occurred over this time. More than 90% of all GFAP-positive astrocytes expressed nestin at 3-7 days after ischemia, but this proportion declined thereafter, and at 28 days, only 18% of GFAP-positive astrocytes expressed nestin. In contrast, the number of both GFAP-positive and nestin/GFAP doublepositive cells in the stratum radiatum was significantly in creased after 28 days in the ischemic rats compared to levels in the sham-operated rats (Fig. 3H) . Thus, nestin ex- 
Characterization of nestin-positive astrocytes in the ischemic hippocampal CA1 region
For the phenotype characterization of nestin-positive astrocytes in the ischemic CA1 hippocampal region, we performed double-labeling with nestin and proliferation marker Ki-67. Consistent with previous data [32] , only some nestinpositive cells in the CA1 hippocampus were positive for Ki-67 (Fig. 4A-F) . We then characterized these nestin-positive cells by double-labeling using nestin and either Sox-2 or Sox-9, transcription factors for neural/glial progenitors [33] [34] [35] . All of the nuclei of nestin-positive cells were immunoreactive for Sox-2 or Sox-9 over 3-28 days following ischemic injury (Fig. 4G-L) . However, some cells expressing Sox-2 or Sox-9 were not immunoreactive for nestin in the hippocampal CA1 region of control and ischemic rats, corresponding to GFAPpositive, nestin-negative astrocytes (data not shown). We then clarified whether nestin-positive astrocytes expressed the calcium-binding protein, S100β, which is known to be expressed in a distinct post-mitotic astrocyte population [15, 36, 37] . Nearly all of the nestin-positive astrocytes coexpressed S100β, corresponding to a subpopulation of the S100β-positive cells at all time points examined (Fig. 5A, B, D,  E) . Considering that virtually all of the S100β-positive cells in the ischemic CA1 region were GFAP-positive astrocytes (Fig.  5C, F) , nestin-negative S100β-positive cells may be considered as reactive astrocytes.
Discussion
The present study provides a detailed characterization of the time course and cellular localization of nestin expression in the hippocampal CA1 region, where neuronal death has been observed after a 4-vessel occlusion insult [29] . As previously demonstrated [38, 39] , transient ischemia induced the upregulation of GFAP immunoreactivity within 3 days in all strata of the CA1 hippocampal region, and this was sustained until at least day 28 after reperfusion. Nestin induction in the ischemic CA1 hippocampus was colocalized entirely with GFAP, indicating that virtually all of the nestinpositive cells were indeed GFAP-positive astrocytes. However, these cells corresponded to only a small fraction of all of the GFAP-positive astrocytes within the hippocampal CA1 subfields.
Our most important finding is that nestin and GFAP are not upregulated in parallel in reactive astrocytes of the postischemic CA1 region. GFAP-positive astrocytes showed an even distribution throughout all strata of the CA1 region, but nestin induction in these astrocytes showed distinct time-and strata-dependent expression patterns. Nestin induction in astrocytes of the pyramidal cell layer was rapid and transient, despite the astroglial reaction being clearly observed up to day 28. In contrast, a long-lasting induction of nestin was observed in astrocytes of the CA1 dendritic subfields, such as the strata oriens and radiatum, until at least day 28. This temporal pattern seems to correlate with the time point of astrogliosis following ischemic injury [38] [39] [40] , with nestin induction apparently occurring during the initial stage of astroglial activation and preceding astroglial hypertrophy after ischemic injury. Thus, our results suggest that nestin induction may play a role in the induction of astrogliosis.
However, increased GFAP immunoreactivity in the ischemic hippocampus was not necessarily followed by nestin induction, indicating that nestin expression is not in itself predictive of astroglial reaction. Very little nestin expression was detected in the stratum lacunosum moleculare, which contains pre-terminal and terminal branches of the apical dendrites of pyramidal neurons of CA1 [41] , despite the evident astroglial reaction in this area (characterized by intense GFAP immunoreactivity). Given that this stratum receives its primary inputs from entorhinal cortical neurons [41] , which are resistant to ischemia, it seems that nestin might be induced in reactive astrocytes only in areas that have undergone irreversible neuronal damage. In this regard, a prolonged and persistent induction of nestin in the CA1 dendritic subfield overlaps with the period during which there is the ongoing degeneration of dendrites and terminals of neurons resulting from the ischemic insults to these layers.
Nestin is involved in cell division, structural integrity and mobility of cells, and tissue stability [42] [43] [44] [45] . Thus, nestin induction in reactive astrocytes plays a role in the transformation of normal resting astrocytes to reactive astrocytes in response to injury. Interestingly, astrocytes in the stratum lacunosum moleculare displayed a less hypertrophic appearance than those in other strata, and the persistent and prominent hypertrophy of astrocytes is confined to regions of ischemic neuronal necrosis [19, 46] . Thus, it seems that the pronounced changes in astrocyte morphology seen during reactive astrocytosis are accompanied by nestin induction. Furthermore, nestin expression is induced in vasculatureassociated cells, which appear to undergo dynamic structural changes in response to ischemic injury [47] . Taken together, our data suggest that nestin expression may be induced in astroglia becoming reactive, and it may allow for the structural remodeling of these cells in response to ischemic injury.
Nestin is widely used as a marker of neuroepithelial stem/progenitor cells. Several studies have demonstrated that newly born neurons appear in the degenerated CA1 region following forebrain ischemia [48] [49] [50] , and that a subpopulation of reactive astrocytes within the injury site may act as adult neural stem cells [51] . In the current study, almost all nestin-positive cells also expressed a transcription factor found in neural and glial progenitor cells, i.e., Sox-2 or Sox-9 [33] [34] [35] . In this sense, nestin-positive astrocytes in the CA1 hippocampal region after ischemic injury may correspond to adult neural stem cells. However, there is increasing evidence that parenchymal astrocytes may be intrinsically different from SGZ astrocytes that function as adult neural stem cells [23, 24] . Additionally, all of the nestin-positive astrocytes in the current study expressed the calcium-binding protein S100β, which is known to be expressed in a distinct postmitotic astrocyte population [15, 36, 37] . Thus, it seems likely that nestin-positive cells in the CA1 hippocampal region are indeed parenchymal astrocytes rather than adult neural stem cells.
In summary, our data in a rat model of transient forebrain ischemia demonstrate that 1) nestin induction in astrocytes of the pyramidal cell layer is rapid and transient, while a longlasting induction of nestin occurs in astrocytes located in the CA1 dendritic subfields; 2) nestin expression is not induced in the stratum lacunosum moleculare, despite the evident astroglial reaction; and 3) nestin-positive astrocytes also expressed S100β, a marker of post-mitotic astrocytes. These findings indicate that nestin induction in CA1 astrocytes shows characteristic time-and strata-dependent expression patterns and is apparently related to the severity of neuronal damage in the various hippocampal layers. Thus, nestin expression induced in astroglia becoming reactive may allow for the structural remodeling of these cells in response to ischemic injury.
